ERVs (endogenous retroviruses), which comprise 8-10% of mouse and human genomes, are present in thousands of copies, ranging in size from complete 9 kb virus to truncated partial sequences. Despite well-documented differential expression of ERVs in normal and diseased tissues, their biological significance remains controversial. Work in this laboratory revealed remarkably high ERV expression in mouse epididymis, but not in testis. Similar early studies revealed expression of human ERV-E4.1 in both testis and epididymis, but expression of other HERVs (human ERVs) was not examined. Using degenerate primers to conserved regions of reverse transcriptase specific for each of nine HERV families, we have detected expression of six HERV families in epididymis and three in testis. Differential HERV expression may reflect the fully differentiated state of epididymal epithelium in contrast with the immature germ cell population in the testis. These two tissues may therefore lay the groundwork not only for understanding the influence of cellular differentiation on HERV expression, but also to reveal HERVs that are routinely exposed to sperm.
Introduction
Howard Temin discovered reverse transcriptase (RT) in 1971 and postulated that it was not an enzyme specifically developed by retroviruses for their replication, but that it had a cellular role, possibly during early development [1] . Despite the discovery of RT activity in normal cells a few years later [2] , there has been little support for the concept that RT has a normal cellular role, and increasing support for the existence of ERV (endogenous retrovirus) elements whose genes are remnants of ancient retrovirus infections. The human genome is now known to be replete with at least two types of endogenous elements that encode RT: those with the standard genetic architecture of retroviruses, and LINEs (long interspersed nuclear elements), with two ORFs (open reading frames). Moreover, innate cellular inhibitors of reverse transcription have been discovered [3] [4] [5] [6] , supporting the concept that cellular controls on RT activity are common. Hence, there is renewed interest in RT biology.
ERVs and LINEs
ERVs, one class of retroelement, were discovered in human DNA in the early 1980s [7] [8] [9] and were thought to comprise a significant, but small (0.1-0.6%), fraction of the human genome [10] . They are now known to comprise at least 8% of the human genome and are present as thousands of copies, ranging in size and gene composition from complete 9 kb virus to truncated partial gene sequences [11] . Full-length ERVs, murine (MERVs) or human (HERVs), have the same basic architecture as exogenous infectious retroviruses, with Key words: endogenous retrovirus (ERV), epididymis, germ cell, long interspersed nuclear element (LINE), reverse transcriptase, testis. Abbreviations used: ERV, endogenous retrovirus; HERV, human ERV; LINE, long interspersed nuclear element; LTR, long terminal repeat; MERV, mouse ERV; NZB, New Zealand Black; ORF, open reading frame; RT, reverse transcriptase. 1 To whom correspondence should be addressed (email akiessli@bidmc.harvard.edu).
three coding regions in the interior: (i) gag for core proteins; (ii) pol that encodes the polyprotein precursor for RT, protease, integrase and RNaseH; and (iii) env for envelope proteins; 5 to 3 respectively, flanked on either end by undefined regions and by a promoter region, the LTR (long terminal repeat).
LINEs are 6-7 kb. Their basic architecture is a 5 -untranslated region followed by an ORF (ORF1), connected by an interspersed region to a second ORF (ORF 2) that encodes RT and integrase. LINEs are thought to translocate within the same cell and in this way increase their numbers. They become stably inherited, however, so the translocations must involve the germ line.
LINEs comprise an even larger percentage of the genome, and, in combination with other forms of repeat elements, the total retroelement burden of the human genome is estimated at approx. 40% [12] . LINEs are highly conserved and have been divided into two families based on a ∼200 base insert. An estimated 520 000 copies of LINE-1 exist in the human genome, but only approx. 80-100 are still retrotransposition-competent in the average genome [5] .
Retroelements are transcribed by cellular RNA polymerases. The ERV replication cycle is not fully understood, but can include synthesis of an RNA copy by cellular RNA polymerase, followed by synthesis by the viral RT of a double-stranded DNA copy, the DNA provirus, which may re-integrate into cellular DNA or bud from the surface of the cell and re-enter another cell. ERVs with deleted env genes are also expressed, usually as a 6.0-6.5 kb transcript. Without envelope protein, they cannot bud from the surface of the cell and may form intracellular particles.
ERVs and LINEs are stably inherited elements, most of which are not expressed, silenced either by hypermethylation or by mutations which prevent transcription or translation. Those that are expressed may be tissue-specific. The tissue most often reported to express retroviruses is placenta, both from mouse and from primates, including humans. A report that a placental protein essential for syncytiotrophoblast formation ('syncytin') is encoded by a member of the HERV-Wenv gene emphasizes the potential importance of some ERVs to primate evolution [13] . Overall, the biological significance of HERVs remains unclear, since their links to normal or disease functions has been disputed, although more recent evidence of their role in diverse diseases such as schizophrenia and diabetes is mounting. Certain strains of mice develop spontaneous leukaemia as a result of expression of ERV. MERVs and HERVs have been classified according to multiple schemes (Table 1) , including their sequence homology with animal viruses with known morphology (Type A, B, C and D particles) or their tRNA primer-binding site, and thus most ERVs have at least two names. The completion of the mouse and human genome projects has stimulated re-classification, more in keeping with genetic relationships and maintaining the tRNA-binding site designation (Table 1) .
Cellular controls on reverse transcription
An elegant series of experiments revealed a remarkable innate cellular defence against infection by HIV [3, 6] . The cellular deaminase CEM15 (ABOBEC3G) deaminates cytosine residues to uracil during reverse transcription of the negative strand of proviral DNA on the viral RNA template. Uracil residues in the nascent DNA targets it for destruction by cellular DNA-repair enzymes, thus blocking infection. Importantly, HIV encodes an inhibitor of CEM15, HIVvif , providing a powerful offence against host defences. More recent reports have demonstrated that cellular deaminases also inhibit reverse transcription by endogenous RT-encoding elements, such as LINE-1 [4, 5] . Not only does expression of CEM15 (APOBEC3G) deaminase inhibit LINE-1 activity, but also the evolution of present-day active LINE-1 families is consistent with co-evolution of an inhibitor/repressor [14] . This information indicates that controlling RT activity is a 'normal' cellular function. Cells may regularly express, utilize and control both HERVs and LINEs, depending on their state of differentiation. Large screening studies of tumour and normal tissues [15, 16] have revealed some HERV families are up-regulated in some tumour tissues relative to normal, and down-regulated in others. Given the differences in the state of differentiation of most of the cells in epididymis relative to testis, it seems likely that HERV expression will vary widely between human testis and epididymis, as it does in the mouse.
MERV expression in mouse testis and epididymis
Epididymal specific expression of murine ERVs was initially reported by Del Villano and Lerner over 30 years ago [17] . They reported that 10% of the epididymal protein of NZB (New Zealand Black) males was viral gp70 (glycoprotein 70) [17] . Work in my laboratory, following up the discovery of high levels of RT activity in mouse epididymal fluids [18] , revealed expression of whole C-type particles budding off the ends of the stereocilia of the epidydimal epithelial cells and associated with protein aggregates and sperm within the lumen [19, 20] . In situ hybridization studies with a mouse leukaemia virus-related probe (pMOV9) revealed high-level expression of MERV transcripts even in mouse strains in which budding particles were not observed in the epididymis [19] . The probes derived from pMOV9 used for the Northern blot analyses of tissue RNAs did not detect MERV expression in mouse testis, lung, liver, brain or spleen ( Figure 1A ). In support of this finding, a 5.2 kb endogenous proviral sequence was isolated from a mouse epididymal cDNA library [21] . In keeping with our results, the 5.2 kb ERV transcript was detected in the epididymis and vas deferens, but not detected in testis RNAs from C57Bl/6 and ICR (Swiss) males, and the wild mouse, Mus musculus. Similar studies have not been reported for HERVs.
HERV expression in human testis and epididymis
HERV expression in human testis and epididymal RNAs was performed with a probe from HERV lambda 4-1 (ERV1), Figure 1 ERV expression in male mouse tissues (A) NZB males. RNAs isolated from spleen (S), liver (L), epididymis (E) and testis (T) were electrophoresed through agarose and were stained with ethidium bromide to check RNA loading (leftmost panel). RNAs were transferred on to nitrocellulose and hybridized with pMOV9 ERV and β-actin probes radiolabelled with 32 P. Overnight exposure to X-ray film (second-left panel) or 10-day exposure (third-left panel) revealed β-actin staining in spleen and liver (2 kb) and the germ cell β-actin variants 2 and 1.5 kb in testis and epididymis. The epididymis also exhibited three bands, 9.2, 7.8 and 6.4 kb, characteristic of pMOV9 hybridization. Repeat hybridization of the same nitrocellulose blot with radiolabelled envelope-specific probes (gifts from Dr Christine Kozak, National Institutes of Health, Bethesda, MD, U.S.A.) revealed xenotropic virus (fourth-left panel) and ecotropic virus (fifth-left panel) as whole 9.2 kb genomes and as spliced 3.7 kb envelope mRNA. Repeat hybridization of the same blot with radiolabelled pMOV9 LTR fragment (rightmost panel) revealed related LTR sequences in the 6.4 kb bands, and the expected 3.7 env mRNA, but not in the 7.8 or 9.2 kb bands, indicating they were expressed from a different ERV species. (B) NZB and BDF males. Repeat Northern blot analyses of tissues from NZB and BDF males revealed the same 9.2, 7.8 and 6.4 kb pMOV9-related bands specifically in NZB epididymis (e), absent in testis (t) and spleen (s), but only the 9.2 and 6.4 kb bands were detected in the epididymis of F1 males, C57Bl/6x DBA (BDF).
the full-length HERV isolated and characterized in Martin's laboratory in 1985 [22] . In agreement with pMOV9-related MERV expression, ERV1-related transcripts were detected in RNAs from epididymis, but not testis (Figure 2) .
Until recently, it has been difficult to study HERVs and LINEs in a systematic global way because of their multiplicity, degeneracy and defects. Human genome sequence mining studies have led to an increased understanding of chromosomal densities and tissue-specific expression of many HERV families [15, 16, 23] . We have taken advantage of a recent report that designed degenerate primers to conserved regions of HERV pol that encodes RT [15] . This approach had been employed previously for a limited number of HERVs [11, 24] , but the more recent report divided HERV families into seven groups based on abundance and frequency of expression and designed degenerate primers to bind to most members of each group. This approach affords the opportunity to amplify several expressed HERV members by reverse transcription-PCR and identify individual HERVs by sequencing the amplicons.
Using this approach, we have amplified HERVs from human epididymis and testis RNAs, and have detected six families in epididymal RNAs and three families in testis RNAs (Table 2 ). In keeping with the Northern blot analyses, HERV-E (lambda 4-1, ERV1) was detected in both testis and epididymis, as was HERV-K and ERV-9. HERV-W, HERV-R and HERV-L were detected only in epididymal RNAs. HERV-H RNA was not detected in either tissue.
HERV-E PCR products were ligated and cloned for sequencing. Twenty clones were screened from each tissue. Seven clones from testis RNAs were recognized by GenBank R and UCSC BLAT as HERV-E sequences: five had 96% identity with members of HERV-E family in the March 2006 human genome assembly; two had >98% identity with members on chromosomes 7, 11 and 12.
Six clones from epididymal RNAs were recognized as HERV-E sequences with >96% identity. Four clones were identical with each other and with a HERV-E sequence at chromosome locus 12q13.3 (Table 3) ; this most abundant
Figure 2 ERV expression in human tissues
RNAs isolated from human testis (T), epididymis (E), placenta (P) and amnion (A) were electrophoresed through agarose, transferred on to nitrocellulose membranes and hybridized with lambda 4-1 (ERV1) and radiolabelled with 32 P (upper panel). Bands at approx. 2.4 and 5.2 kb were detected. The same probe was re-hybridized with a 32 P-radiolabelled β-actin probe which detected 2.2 kb bands in all tissues (lower panel). epididymal HERV-E sequence was not detected in testis RNAs. The second epididymal sequence was 100% identical with a different HERV-E sequence on chromosome 12 (12p13.3; Table 3 ) and was also detected in testis RNAs. Both of the sequences detected in testis that had 98% identity with human sequences in BLAT searches (clone 12 and clone 14) were also detected in epididymal RNAs: chromosome locus 12p13.3 (7.8 kb), one clone in testis, one clone in epididymis; and chromosome locus 7p22.1 (7.8 kb), one clone in testis, one clone in epididymis. Both testis and epididymis clones that matched chromosome locus 12p13.3 also matched a HERV-E sequence at chromosome locus 11p15.4 that was also 5.1 kb. In addition, the epididymal sequence that was a 100% match to 12p13.3 also matched chromosome locus 8p23.1 at 100% (Table 3) .
Biological importance of HERV expression
These results support the marked tissue specificity of HERV expression, even among tissues that share nearly complete dependence on testosterone stimulation, such as testis and epididymis. Interestingly, HERV-E is markedly up-regulated specifically in prostate cancer, but not in other cancers such as in the lung and uterus [15, 16] . Moreover, only a small number of the nearly 50 copies of HERV-Epol sequences, spread among 14 chromosomes were detected in testis and epididymis RNAs [25, 26] . Because there is no clear link between HERV expression and disease, or normal function except placentation, the debate about their relevance continues [11, 24] . Some consider them to be 'parasites' that must be controlled, others as essential elements whose function remains to be discovered.
The biological relevance undoubtedly lies somewhere in between. That so many copies are so faithfully conserved suggests a selective advantage, perhaps only to block new infections from exogenous retroviruses. Moreover, it seems unlikely that cells have not found ways to take advantage of HERV gene products, at least in some circumstances. A MERV-L RNA was recently reported to be the earliest expressed gene detected following fertilization of mouse eggs [27, 28] . Treatment with antisense oligonucleotides inhibited, but did not completely block, embryonic development, suggesting that MERV-L expression enhances, but is not essential for, early cleavage events. This could be a general phenomenon that some ERV gene products enhance, but are not essential for, function. Alternatively, aberrant ERV gene expression could be deleterious, just like aberrant expression of other genes, an area in need of further study.
Whatever the role for specific ERV genes, the potential for RT encoded by ERVs and LINEs to alter chromosomal sequences is quite clear, although the value of this remains undetermined. Such a process could maintain genome plasticity, reflecting a potential advantage for survival of a species, if not the individual. Continued studies of ERV evolution will shed light on this.
Alternatively, as Howard Temin hypothesized, reverse transcription could have an essential, as yet undiscovered, role in cells [1] . The large repertoire of ERV and LINE RT sequences available to cells guarantees activity in a wide range of circumstances. Examples of this are the marked sensitivity to nevaripine of RT encoded by HIV-1 and the marked resistance of RT encoded by HIV-2 [29, 30] . The RT residues involved in nevaripine binding are in the area of the amino acid motif common to all RTs, YMDDL, with only slight changes in amino acid sequences markedly affecting drug binding.
This information may be useful in determining which classes of RTs are involved in nevaripine-sensitive cell properties, such as those described by Spadafora and colleagues [31, 32] .
There is increasing evidence that the proliferation of ERV elements in the genome is at least partially mediated by new germline integrations/infections [33] . A few members of the HERV-K family may be active in the human genome now since some individuals are negative and others are hemizygous [34] . New germline insertions could readily be mediated by sperm exposed to ERVS and LINEs expressed in the germ cell compartment, the seminiferous tubules and epididymis [34] . This highlights the importance of full disclosure of all ERV and LINEs active in male and female germ cell compartments. Whether or not they play significant biological roles in the daily lives of cells, germ cell compartment expression ensures their increasing presence in the genome, for better or for worse.
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